1. Introduction {#sec1}
===============

Various strategies have been widely investigated to enhance the bioavailability of poorly absorbed drugs in order to increase their clinical efficacy when administered orally. It is estimated that between 40% and 70% of all new chemical entities identified in drug discovery programs are insufficiently soluble in aqueous media \[[@B1], [@B2]\]. The increase in the proportion of poorly soluble candidates is frequently attributed to improvements in synthesis technology, which has enabled the design of very complicated compounds, and a change in discovery strategy from a so-called phenotypic approach to a target-based approach \[[@B3]\]. Various physicochemical properties which contribute to the poor solubility of various drugs include their complex structure, size, high molecular weight, high lipophilicity, compound H-bonding to solvent, intramolecular H-bonding, intermolecular H-bonding (crystal packing), crystallinity, polymorphic forms, ionic charge status, pH, and salt form \[[@B4]\].

Lipinski\'s rule of five has been widely proposed as a qualitative predictive model for the assessment of absorption of poorly absorbed compounds. In the discovery setting "the rule of 5" predicts that poor absorption or permeation is more likely when there are more than 5 H-bond donors, 10 H-bond acceptors, the molecular weight is greater than 500, and the calculated Log P is greater than 5. The rule of five only holds for compounds that are not substrates for active transporters and efflux mechanisms \[[@B5]\]. Thus, *in vivo* assessment of new drug candidates in animal model is performed to assess the absorption of drug. Poorly absorbed drugs pose a challenge to the formulation scientists to develop suitable dosage form which can enhance their bioavailability.

Broadly, poorly soluble drugs can be formulated in three different forms to overcome the challenge of poor absorption---crystalline solid formulations, amorphous formulations, and lipid formulations \[[@B6]\].

1.1. Crystalline Solid Formulations {#sec1.1}
-----------------------------------

Modification of the physicochemical properties such as salt formation and micronization of the crystalline compound to increase the surface area and thus dissolution may be one approach to improve the dissolution rate of the drug. Particle size of about 2--5 *μ*m can be achieved by micronization using air-jet mill. The nanocrystal technology can reduce the crystalline particle size to 100--250 nm using ball-milling \[[@B7]\], dense gas technologies \[[@B8]\], and so forth. However, these methods have their own limitations. For instance, salt formation of neutral compounds is not feasible. Particle size reduction may not be desirable in situations where poor wettability and handling difficulties are experienced for very fine powders \[[@B9]\].

1.2. Amorphous Formulations {#sec1.2}
---------------------------

Amorphous formulations include "solid solutions" which can be formed using a variety of technologies including spray drying and melt extrusion \[[@B9]--[@B11]\]. Amorphous formulations may include surfactants and polymers providing surface activity during dispersion.

Other formulation strategies which are most popularly adopted to enhance the bioavailability of such drugs include the complexation with cyclodextrins \[[@B12]\], formulation of polymeric conjugates \[[@B13]\], nanoparticles, solid lipid nanoparticles (SLN) \[[@B14]\], use of permeation enhancers, and surfactants \[[@B15]\].

1.3. Lipid Formulations {#sec1.3}
-----------------------

In recent years, a great deal of interest has been focussed on lipid based carrier systems. The most popular approach is the incorporation of the active poorly water soluble component into inert lipid vehicles such as oils, surfactant dispersions \[[@B16]\], solid dispersions, solid lipid nanoparticles, emulsions, microemulsions, nanoemulsions, self-emulsifying formulations (SEF), micro/nanoemulsifying formulations \[[@B17]\], and liposomes \[[@B18]\]. [Table 1](#tab1){ref-type="table"} provides a brief indication of the main formulation strategies and the main advantages and disadvantages of each approach \[[@B6]\].

2. Lipid Formulations {#sec2}
=====================

Lipid formulations for oral administration of drugs are a diverse group of formulations having a wide range of properties. The utility of solubilizing lipid-based formulations for improving the gastrointestinal (GI) absorption of poorly water-soluble, hydrophobic drugs is well documented in the literature. These generally consist of a drug dissolved in a blend of excipients (5 classes of excipients) with wide variety of physicochemical properties ranging from pure triglyceride oils, mono- and diglycerides, and substantial proportion of lipophilic or hydrophilic surfactants and cosolvents. [Table 2](#tab2){ref-type="table"} gives the broad classification system for various lipid formulations \[[@B19]\].

The primary mechanism of action by which a lipid formulation leads to improved bioavailability is usually avoidance of the slow dissolution process which limits the bioavailability of hydrophobic drugs from solid dosage forms. Preferably the formulation allows the drug to remain in a dissolved state throughout its transit in the GIT. The drug for absorption can be enhanced by formulation of the drug as a solubilizate within a colloidal dispersion. This objective can be achieved by formulation of the drug in a self-emulsifying system. Among various approaches, the self-emulsifying drug delivery system has gained more attention due to enhanced oral bioavailability enabling reduction in dose, more consistent temporal profiles of drug absorption, selective targeting of drug(s) toward specific absorption window in GIT, and protection of drug(s) from the hostile environment in gut \[[@B17]\].

2.1. Types of Self-Emulsifying Systems: Self-Emulsifying, Self-Microemulsifying, and Self-Nanoemulsifying Drug Delivery System (SEDDS, SMEDDS, and SNEDDS) {#sec2.1}
----------------------------------------------------------------------------------------------------------------------------------------------------------

SEDDSs, SMEDDSs and SNEDDSs are physically stable isotropic mixtures of oil, surfactant, cosurfactant, and solubilized drug substance that rapidly and spontaneously form fine oil in water emulsions, microemulsions, or nanoemulsions, respectively, when introduced into aqueous phases under gentle agitation. Thus, self-emulsifying formulations are readily dispersed in the GI tract, where the motility of the stomach and small intestine provides the agitation necessary for emulsification.

The potential advantages of the self-emulsifying systems include 100% drug entrapment capacity, physically stable formulation (can also be filled in capsules), no dissolution step required, formation of submicron droplet size, thus increasing absorption surface area, increase in rate and extent of absorption, and thus increased bioavailability. SEDDS deliver BCS Class II drugs effectively. They also have potential for effective delivery of BCS class III, BCS class IV and hydrolytically susceptible drugs. They provide protection against gastric degradation. Further, they provide consistent temporal profile with reduced dosing, dosing frequency. They are easy to manufacture and scale-up. It also directs the distribution of drug into the lymphatic system.

SEDDSs have been described as systems that produce emulsions with a droplet size between 100 and 300 nm while SMEDDSs form transparent microemulsions with a droplet size of less than 50 nm \[[@B20]\]. However, SEDDS generally refers to all types of self-emulsifying systems unless otherwise described, while SNEDDSs describe systems which form nanoemulsions upon dispersion in aqueous media \[[@B21]\].

When compared with emulsions, which are sensitive and metastable dispersed forms, these self-emulsifying formulations are physically stable, easily manufactured, and are suitable for oral delivery as unit dosage form in soft or hard gelatin capsules due to the anhydrous nature. Thus, for lipophilic drug compounds that exhibit dissolution rate-limited absorption, these systems may offer an improvement in the rate and extent of absorption and result in more reproducible blood-time profiles. Being anhydrous, these systems also offer a great potential for the formulation and administration of hydrolytically susceptible drugs. SEDDS are also found to increase the intestinal permeability and minimize the effect of pH on drug absorption \[[@B22]\].

While the primary mechanism by which these formulations are thought to improve drug absorption is through elimination of the need for preabsorptive drug solubilisation in the gastrointestinal tract (GIT), other mechanisms may include protection from chemical and enzymatic degradation localized in the aqueous environment of the GIT and promotion of lymphatic drug transport, which circumvents hepatic first-pass metabolism \[[@B2]\]. [Figure 1](#fig1){ref-type="fig"} gives the schematic diagram of intestinal drug transport from lipid-based formulations via the portal and the mesenteric lymphatic routes \[[@B23]\].

The physicochemical characteristics of the drug substance, the lipid excipients themselves, and the dispersibility of the formulation *in vivo* will determine both the uptake of the drug in the GIT as well as the degree of participation of the portal venous and mesenteric lymphatic pathways in overall drug absorption.

2.2. Selection of Excipients in Self-Emulsifying Formulations {#sec2.2}
-------------------------------------------------------------

The main consideration in selecting appropriate excipients for any lipid-based formulation is in identifying an excipient or their combination having the ability to solubilise the entire drug dose in a volume acceptable for unit oral administration. Self-emulsification has been shown to be specific to the nature of the oil/surfactant pair; the surfactant concentration and oil/surfactant ratio; and the temperature at which self-emulsification occurs \[[@B24]\]. In support of these facts, it has also been demonstrated that only very specific pharmaceutical excipient combinations could lead to efficient self-emulsifying systems. The drug must also be physically and chemically stable in the formulation and the drug release characteristics must remain constant during the shelf life of the formulation. The latter requirement is dependent on the physical and chemical stability of the excipients which must be carefully monitored during formulation development. The excipient should be chosen from the list of generally regarded as safe "GRAS" excipients published by USFDA or from other inactive ingredients approved and published by regulatory agencies. The main excipients in a self-emulsifying system include the lipids (oils), surfactant, and cosurfactant. A few examples of various excipients used in different commercial products are given in [Table 3](#tab3){ref-type="table"}.

### 2.2.1. Lipids/Oils {#sec2.2.1}

The oil represents one of the most important excipients in the self-emulsifying formulations because it can solubilise marked amounts of the lipophilic drug, facilitate self-emulsification, and increase the fraction of lipophilic drug transported via the intestinal lymphatic system, thereby increasing absorption from the GI tract depending on the molecular nature of the triglyceride \[[@B16], [@B25]\]. Despite the considerable potential that these lipid excipients offer, very few lipid based formulations have reached the pharmaceutical market place. This may be due to the insufficient information regarding the relatively complex physical chemistry of lipids and concerns about formulated drug chemical and physical stability. In addition to these concerns, the interaction of a lipid-based formulation with the GI environment and its impact on drug absorption is also important \[[@B2]\]. For instance, digestible lipids have been shown to be considerably more efficient enhancers of poorly soluble drug absorption, as compared to nondigestible lipids (e.g., liquid paraffin). Fatty acid chain length of the lipid also influences drug absorption \[[@B26]\]. Both long and medium chain triglyceride oils with different degrees of saturation have been used for the design of self-emulsifying formulations. The edible oils which represent the logical and preferred lipid excipient choice for the development of SEDDS are not frequently selected due to their poor ability to dissolve large amounts of lipophilic drugs. Modified or hydrolyzed vegetable oils have been widely used since these excipients form good emulsification systems with a large number of surfactants approved for oral administration and exhibit better drug solubility properties \[[@B27]\]. They offer formulative and physiological advantages, and their degradation products resemble the natural end products of intestinal digestion. Novel semisynthetic medium chain derivatives, which can be defined as amphiphilic compounds with surfactant properties, are progressively and effectively replacing the regular medium chain triglyceride oils in the self-emulsifying drug delivery systems \[[@B28]\].

The lipids exert their effects possibly through several complex mechanisms that can lead to alteration in the biopharmaceutical properties of the drug, such as increased dissolution rate of the drug and solubility in the intestinal fluid, protection of the drug from chemical as well as enzymatic degradation in the oil droplets, and the formation of lipoproteins promoting the lymphatic transport of highly lipophilic drugs \[[@B27]\].

The amount of lipid contained in a formulation also influences the drug absorption primarily via solubilization in the GIT and potentially through activation of GI lipid digestion resulting in increased secretion of pancreatic juice and bile \[[@B29]\]. Thus, the impact of any lipid-based formulation on the lipid digestion processes must be considered, particularly when multiple dosage units of a lipid-based formulation are administered as a single dose, which is common for many anti-HIV drugs.

### 2.2.2. Surfactants {#sec2.2.2}

The self-emulsifying properties require the incorporation of relatively large amounts of surfactant in the formulation in addition to the oily drug carrier vehicle. The surfactants may improve the affinity between lipids and intestinal membrane or increase the permeability of the intestinal membrane. Surfactants increase the permeability by partitioning into the cell membrane and disrupting the structural organization of the lipid bilayer leading to permeation enhancement \[[@B30]\]. Therefore, most drugs are absorbed via the passive transcellular route. They also exert their absorption enhancing effects by increasing the dissolution rate of the drug. Several compounds exhibiting surfactant properties may be employed for the design of self-emulsifying systems, the most widely recommended ones being the nonionic surfactants with a relatively high hydrophilic-lipophilic balance (HLB) values \[[@B2], [@B30], [@B31]\]. Safety is a major determining factor in choosing a surfactant. Emulsifiers of natural origin (e.g., lecithin, Akoline medium chain monoglycerides (MCM), and Peceol) are normally preferred since they are considered to be safer than the synthetic surfactants. However, these excipients have limited self-emulsification efficiency \[[@B28]\]. Various vegetable oil derivatives like Acrosyl (castor oil derivative) are still being found to give optimum self-emulsification \[[@B32]\]. Nonionic surfactants are normally preferred over their ionic counterparts due to more favourable safety profiles and greater emulsion stability over a wider range of pH and ionic strength. In addition, nonionic surfactants can produce reversible changes in intestinal mucosal permeability \[[@B30]\], further facilitating absorption of the coadministered drug. Hydrophobic surfactants can penetrate membranes causing changes in membrane fluidity and permeability. Generally single alkyl chains are more penetrative, so bulky surfactants such as polysorbates and triglyceride ethoxylates are found to be less toxic. Usually the surfactant concentration ranges between 30 and 60% of the total formulation in order to form stable SEDDS \[[@B24]\]. It is very important to determine the surfactant concentration properly as large amounts of surfactants may cause GI irritation. However, the extremely small lipid droplet size produced by SMEDDS and SNEDDS formulations promotes rapid stomach emptying and wide dispersion throughout the GIT, minimizing exposure to high local surfactant concentrations and thus reducing the irritation potential. The surfactant involved in the formulation of SEDDS should have a relatively high HLB and hydrophilicity to enable rapid and facile dispersion in the aqueous GI fluid as a very fine oil-in-water emulsion, and hence good self-emulsifying performance can be achieved \[[@B2]\]. The use of surfactant blends to achieve the hydrophilic-lipophilic balance (HLB) value required for emulsification has often been proven to provide superior self-emulsifying properties relative to the use of a single surfactant possessing the desired HLB \[[@B33]\]. One or more cosolvents are often added to the formulation to assist in solubilising high concentrations of the drug. Surfactants are amphiphilic in nature and they can dissolve or solubilize relatively high amounts of hydrophobic drug compounds. There is a relationship between the droplet size and the concentration of the surfactant being used. In many cases, increasing the surfactant concentration could lead to droplets with smaller mean droplet size. This could be explained by the stabilization of the oil droplets as a result of the localization of the surfactant molecules at the oil-water interface. On the other hand, in some cases the mean droplet size may increase with increasing surfactant concentrations \[[@B34]\]. This phenomenon could be attributed to the interfacial disruption elicited by enhanced water penetration into the oil droplets mediated by the increased surfactant concentration and leading to ejection of oil droplets into the aqueous phase. Attempts have been made to evaluate the toxicity of pharmaceutical excipients and SEDDS or SMEDDS formulations *in vitro* in Caco-2 cell monolayers \[[@B20], [@B35]\].

### 2.2.3. Cosurfactants {#sec2.2.3}

The production of an optimum self-emulsifying formulation requires relatively high concentrations (generally more than 30% w/w) of surfactants. The addition of cosurfactants aids in self-emulsification. The presence of the cosurfactants decreases the bending stress of interface and allows the interfacial film sufficient flexibility to take up different curvatures required to form nanoemulsions over a wide range of composition \[[@B36]\]. Organic solvents such as, ethanol, propylene glycol (PG), and polyethylene glycol (PEG) are suitable for oral delivery, and they enable the dissolution of large quantities of either the hydrophilic surfactant or the drug in the lipid base. On the other hand, alcohols and other volatile cosolvents have the disadvantage of evaporating into the shells of the soft gelatin or hard, sealed gelatin capsules in conventional self-emulsifying formulation leading to drug precipitation. Thus, alcohol-free formulations have also been designed \[[@B28]\], but their lipophilic drug dissolution ability may be limited.

3. Mechanism of Self-Emulsification {#sec3}
===================================

The mechanism by which self-emulsification occurs is not yet well understood. It has been suggested by Reiss that self-emulsification takes place when the entropy change favouring dispersion is greater than the energy required to increase the surface area of the dispersion \[[@B37]\]. The free energy of a conventional emulsion formulation is a direct function of the energy required to create a new surface between the two phases (oil and water phases) and can be described by $$\begin{matrix}
{\Delta G = {\sum\limits_{i}^{}{N_{i}\pi r_{i}^{2}\sigma,}}} \\
\end{matrix}$$ where *G* is free energy associated with the process (ignoring the free energy of mixing),  *N* is the number of droplets, *r* is radius of globules, and *σ* is the interfacial energy.

The two phases of the emulsion tend to separate with time to reduce the interfacial area and thus the free energy of the systems. The conventional emulsifying agents stabilize emulsions resulting from aqueous dilution by forming a monolayer around the emulsion droplets, reducing the interfacial energy and forming a barrier to coalescence. In contrast, emulsification occurs spontaneously with self-emulsifying formulations because the free energy required to form the emulsion is either low and positive or negative \[[@B17], [@B28]\]. Emulsification requiring very little input energy involves destabilization through contraction of local interfacial regions. It is necessary for the interfacial structure to show no resistance against surface shearing in order for emulsification to take place. [Figure 2](#fig2){ref-type="fig"} depicts the schematic presentation of the mechanism happening during addition of water in SEDDS in a simplified way.

The ease of emulsification was suggested to be related to the ease of water penetration into the various liquid crystal (LC) or gel phases formed on the surface of the droplet. The interface between the oil and aqueous continuous phases is formed upon addition of a binary mixture (oil/nonionic surfactant) to water. This is followed by the solubilisation of water within the oil phase as a result of aqueous penetration through the interface. This will occur until the solubilisation limit is reached close to the interphase. Further aqueous penetration will lead to the formation of the dispersed LC phase. Eventually, everything that is in close proximity with the interface will be LC, the actual amount of which depends on the surfactant concentration in the binary mixture. Thus, following gentle agitation of the self-emulsifying system, water will rapidly penetrate into the aqueous cores and lead to interface disruption and droplet formation. As a consequence of the LC interface formation surrounding the oil droplets, self-emulsifying formulations become very stable to coalescence. Detailed studies have also been carried out to determine the involvement of the LC phase in the emulsion formation process \[[@B39], [@B24], [@B38]\]. Also, particle size analysis and low frequency dielectric spectroscopy (LFDS) were utilized to examine the self-emulsifying properties of a series of Imwitor 742 (a mixture of mono- and diglycerides of capric and caprylic acids)/Tween 80 systems \[[@B40]\]. The results suggested that there might be a complex relationship between LC formation and emulsion formation. Moreover, the presence of the drug compound may alter the emulsion characteristics, probably by interacting with the LC phase. Nevertheless, the correlation between the LC formation and spontaneous emulsification has still not been established.

4. Newer Approaches to Self-Emulsifying Drug Delivery System {#sec4}
============================================================

The self-emulsifying drug delivery systems offers advantages in addressing the challenges of drug solubility and absorption; the next challenge remains the delivery of the drug in an acceptable dosage form. The oral dosage forms are the preferred drug administration route, and lipid formulations offer flexibility for oral dosage forms because they can be formulated as solutions, semisolid, and solid forms. Conventional self-emulsifying drug delivery systems, however, are mostly prepared in a liquid form, which can produce some disadvantages, for example, low stability, irreversible drugs/excipients precipitation, large volume of dose, difficulty in handling and portability, and few choices of dosage forms.

To address these problems, solid-SEDDSs (S-SEDDSs) have been investigated as alternative approaches. Such systems require the solidification of liquid self-emulsifying systems into powders to produce various solid dosage forms (SE capsules, SE tablets, SE pellets, SE beads, and so on). The liquid SEDDS can be converted into solid dosage form without affecting drug release property. Self emulsification happens in GIT by the released contents. Thus, S-SEDDSs combine the advantages of SEDDS (i.e., enhanced solubility and bioavailability) with those of solid dosage forms (e.g., high stability and reproducibility, compact dosage form, ease of handling and portability, and better patient compliance). Knowing the advantages of solid dosage forms, S-SEDDSs have been extensively investigated in recent years, as they frequently correspond to more effective alternatives to conventional liquid SEDDS. Examples include the development of S-SEDDS of Dexibuprofen \[[@B41]\], Nimodipine \[[@B42]\], and Hydrochlorothiazide \[[@B43]\]. From the perspective of dosage forms, S-SEDDSs mean solid dosage forms with self-emulsification properties. S-SEDDSs focus on the incorporation of liquid/semisolid SE ingredients into powders/nanoparticles by different solidification techniques.

The concept of super-SNEDDS of poorly soluble drug Simvastatin has also been investigated. Super-SNEDDSs (200% drug-loaded) were produced by subjecting the SNEDDS preconcentrates to a heating and cooling cycle. The relative bioavailability of the drug from super-SEDDDS was found to increase significantly (180 ± 53.3%) compared to conventional SNEDDS. Prolonged absorption along the small intestine was observed \[[@B44]\]. In one earlier study also, the supersaturatable SEDDS was designed, using a small quantity of HPMC (hydroxy propyl methyl cellulose or other polymers) in the formulation to prevent precipitation of the drug by generating and maintaining a supersaturated state *in vivo*. This system contained a reduced amount of a surfactant, thereby minimizing GI side effects and \[[@B45]\].

For enhancing oral bioavailability of drugs with high solubility and low permeability, water-in-oil-in-water (w/o/w) double emulsions are also investigated. A novel formulation, self-double-emulsifying drug delivery systems (SDEDDSs) were formulated by mixing of hydrophilic surfactants and water-in-oil (w/o) emulsions. SDEDDS can spontaneously emulsify to w/o/w double emulsions in the mixed aqueous gastrointestinal environment, with drugs encapsulated in the internal water phase of the double emulsions \[[@B46]\].

4.1. Solidification Techniques for Transforming Liquid SEDDS to Solid-SEDDS (S-SEDDS) {#sec4.1}
-------------------------------------------------------------------------------------

Solid SEDDSs are being developed from liquid/semisolid SEDDS mainly by adsorption on solid carriers \[[@B47]\], spray drying \[[@B42]\], lyophilization \[[@B48]\], melt extrusion \[[@B49]\], and nanoparticle technology. Such powders/nanoparticles, which are referred to as SE nanoparticles/dry emulsions/solid dispersions, are usually further processed into other solid SE dosage forms or, alternatively, filled into capsules (i.e., SE capsules). SE capsules also include those capsules into which liquid/semisolid SEDDSs are directly filled without any solidifying excipient. Other solid SE dosage forms that have emerged in recent years include SE pellets/tablets, SE microspheres/nanoparticles, and SE suppositories/implants \[[@B50]\].

### 4.1.1. Adsorption on Solid Carriers {#sec4.1.1}

Free flowing powders may be obtained from liquid SE formulations by adsorption on solid carriers. The adsorption process is simple and just involves addition of the liquid formulation onto inert carriers and mixing them in a blender. The resulting powder may then be filled directly into capsules or, alternatively, mixed with suitable excipients before compression into tablets. SEDDS can be adsorbed at high levels (up to 70% w/w) onto suitable carriers \[[@B47]\]. Solid carriers can be microporous inorganic substances, high surface-area colloidal inorganic adsorbent substances, cross-linked polymers, or nanoparticle adsorbents, for example, silica, silicates, magnesium trisilicate, magnesium aluminium silicate (Neusilin) microporous calcium silicate (Florite TM RE) magnesium hydroxide, talcum, crospovidone, cross-linked sodium carboxymethyl cellulose, and cross-linked polymethyl methacrylate. The self-emulsifying powder was prepared by adsorbing the liquid SEDDS onto neusilin as carrier to improve the solubility of poorly soluble lercanidipine hydrochloride \[[@B51]\]. Cross-linked polymers create favourable environment to sustain drug dissolution. Nanoparticle adsorbents comprise porous silicon dioxide \[[@B41]\], carbon nanotubes, carbon nanohorns, charcoal, and so forth.

### 4.1.2. Spray Drying {#sec4.1.2}

In this technique, the liquid SEDDS is added to a solution of suitable solid carrier with stirring to obtain the o/w emulsion. This is then atomized into a spray of droplets in a drying chamber, where the volatile phase (e.g., the water contained in an emulsion) evaporates, forming dry particles under controlled temperature and airflow conditions \[[@B41], [@B42]\]. Such particles can be further prepared into tablets or capsules. The atomizer, the temperature, the most suitable airflow pattern, and the drying chamber design are selected according to the drying characteristics of the product and powder specification. Solid state emulsions are reported by Myers and Shivley (1993). Shivley has used sucrose and mineral oil for preparing solid state emulsions \[[@B52]\].

### 4.1.3. Lyophilization Technique {#sec4.1.3}

Lyophilization or freeze-drying involves transfer of heat and mass to and from the product under preparation. Freeze drying of an oil-in-water emulsion can be an alternative method for the production of dry emulsions. Lyophilization has been thought as a molecular mixing technique where the drug and carrier are codissolved in a common solvent, frozen, and sublimed to obtain a lyophilized molecular dispersion. The potential applications of lyophilization in manufacturing of solid dispersions have successfully been investigated \[[@B48], [@B53], [@B54]\]. A slow cooling rate and addition of amorphous cryoprotectants has been reported to have the best stabilizing effects during lyophilization of oil-in-water emulsions \[[@B55]\]. Maltodextrins are also useful matrix forming agent in the formulation of freeze-dried tablets \[[@B43]\].

### 4.1.4. Melt Granulation {#sec4.1.4}

Melt granulation is a technique in which powder agglomeration is obtained through the addition of a lipid as binder that melts or softens at relatively low temperatures. Melt granulation offers several advantages over the conventional wet granulation, since the liquid addition and the subsequent drying phase are omitted. Furthermore, it is also a good alternative to the use of solvent. The main parameters that control the granulation process are impeller speed, mixing time, binder particle size, and the viscosity of the binder. A wide range of solid and semisolid lipids can be applied as meltable binders. For example, Gelucires, a family of vehicles derived from the mixtures of mono-/di-/triglycerides and polyethylene glycols (PEG) esters of fatty acids, is able to increase the dissolution rate compared with PEG usually used before, probably owing to its SE property. Other lipid-based excipients evaluated for melt granulation to create solid SES include lecithin, partial glycerides, or polysorbates. In all cases, the lipidic excipients used must be semisolid at room temperature \[[@B49]\].

### 4.1.5. Melt Extrusion/Extrusion Spheronization {#sec4.1.5}

Melt extrusion is a solvent-free process that allows high drug loading (60%), as well as content uniformity. Extrusion is a procedure of converting a raw material with plastic properties into a product of uniform shape and density, by forcing it through a die under controlled temperature, product flow, and pressure conditions. The size of the extruder aperture will determine the approximate size of the resulting spheroids. The extrusion-spheronization process is commonly used in the pharmaceutical industry to make uniform sized spheroids (pellets). The extrusion-spheronization process requires the following steps: dry mixing of the active ingredients and excipients to achieve a homogenous powder; wet massing with binder; extrusion into rope-like extrudate; spheronization from the extrudate to spheroids of uniform size; drying; sifting to achieve the desired size distribution and coating \[[@B56], [@B49]\].

4.2. Problems Associated with the Solidification Technologies {#sec4.2}
-------------------------------------------------------------

There are various challenges associated with the solidification technologies. Examples of such problems include the following.Amount of solidifying excipients may affect the release of the drug.Nature of the excipients used may affect the drug absorption.Probability of irreversible phase separation on reconstitution.Clogging of spray nozzles due to oil content in spray-drying method.Degradation of drug during solidification process.Reduction in drug loading capacity.Difficulty in ensuring content uniformity.Probability of residual solvents used during granulation.

4.3. Approaches to Overcome the Problems Associated with Solidification Technologies {#sec4.3}
------------------------------------------------------------------------------------

In order to reduce the amount of solidifying excipients required for transformation of SEDDS into solid dosage forms, a gelled SEDDS has been developed. Colloidal silicon dioxide (Aerosil 200) was selected as a gelling agent for the oil-based systems, which served the dual purpose of reducing the amount of required solidifying excipients and aiding in slowing down of the drug release \[[@B57]\].After administration of capsules containing conventional liquid SE formulations, emulsion droplets form and subsequently disperse in the GI tract to reach sites of absorption. However, if irreversible phase separation of the emulsion occurs, an improvement of drug absorption cannot be expected.For handling this problem, sodium dodecyl sulfate was added into the SE formulation \[[@B58]\].With the similar purpose, the supersaturatable SEDDS was designed, using a small quantity of HPMC (or other polymers) in the formulation to prevent precipitation of the drug by generating and maintaining a supersaturated state *in vivo*. This system contains a reduced amount of a surfactant, thereby minimizing GI side effects \[[@B45]\].*Self-emulsifying solid dispersions*. These involve the dispersion of drug in self-emulsifying solid excipients. These excipients have the potential to increase the absorption of poorly water-soluble drugs relative to previously used PEG solid dispersions and may also be filled directly into hard gelatin capsules in the molten state, thus obviating the former requirement for milling and blending before filling. SE excipients like Gelucire1 44/14, Gelucire150/02, Labrasol1, Transcutol1, and tocopheryl polyethylene glycol 1000 succincte (TPGS) have been widely used in this field \[[@B10], [@B11], [@B59], [@B53]\].

5. Dosage Forms from Self-Emulsifying Systems {#sec5}
=============================================

5.1. Self-Emulsifying Capsules {#sec5.1}
------------------------------

Capsule filling is the simplest and the most common technology for the encapsulation of liquid, semisolid, or solid SE formulations for the oral route. The advantages of capsule filling are simplicity of manufacturing, suitability for highly potent low-dose drugs, and high drug loading (up to 50% w/w) potential.

For liquid formulations, it involves a two-step process: filling the formulation into the capsules followed by sealing of the body and cap of the capsule, by banding or microspray sealing. Besides liquid SEDDS filling, the solid-SEDDS obtained by various techniques described above like spray drying, freeze drying, and so forth can be filled in the capsules. After administration of capsules containing conventional liquid SE formulations or the solid-SE formulations, emulsion/nanoemulsion/microemulsion droplets form and subsequently disperse in the GI tract to reach sites of absorption \[[@B19]\].

5.2. Self-Emulsifying Tablets {#sec5.2}
-----------------------------

Combinations of lipids and surfactants have presented great potential of preparing SE tablets that have been widely researched. Nazzal et al. developed self-nanoemulsified tablet dosage form of Ubiquinone \[[@B50]\]. First, the self-nanoemulsion system containing the Ubiquinone was prepared; this nanoemulsion was absorbed on granular materials and then compressed to form tablets. Polyethylene oxide successfully illustrated its suitability for controlled-release matrices. The resultant SE tablets consistently maintained a higher active ingredient concentration in blood plasma over the same time frame compared with a nonemulsifying tablet. The newest advance in the research field of SE tablet is the SE osmotic pump tablet, in which the elementary osmotic pump system was chosen as the carrier of SES. This system has outstanding features such as stable plasma concentrations and controllable drug release rate, allowing a bioavailability of 156.78% relative to commercial carvedilol tablets \[[@B60]\].

5.3. Self-Emulsifying Sustained/Controlled-Release Pellets {#sec5.3}
----------------------------------------------------------

Pellets are multiple unit dosage form which possess many advantages over conventional solid dosage forms, such as flexibility in manufacturing, reduction of intrasubject and intersubject variability of plasma profiles, and minimizing GI irritation without lowering drug bioavailability \[[@B61]\]. Thus, it is very interesting to combine the advantages of pellets with those of SEDDS by SE pellets. SE controlled-release pellets were prepared by incorporating drugs into SES that enhanced their rate of release and then by coating the pellets with a water-insoluble polymer which reduced the rate of drug release. Pellets can be prepared by extrusion/spheronization. The combinations of coating and SES could control *in vitro* drug release and provide a range of release rates \[[@B62]\].

In some investigations, solid self-emulsifying drug delivery systems (solid-SEDDS) were prepared by means of a wet granulation process in a lab-scale high shear mixer in order to improve the dissolution rate of a poorly water-soluble drug. The conventional liquid granulation binder was replaced with an oil-in-water microemulsion, loaded with the drug \[[@B56], [@B63]\].

5.4. Self-Emulsifying Beads {#sec5.4}
---------------------------

Self-emulsifying system can be formulated as a solid dosage form by using minimum amounts of solidifying excipients. Patil and Paradkar investigated loading SES into the microchannels of porous polystyrene beads (PPB) using the solvent evaporation method. PPB has complex internal void structures typically produced by copolymerizing styrene and divinylbenzene. It is inert and stable over a wide range of pH, temperature and humidity. PPB was found to be potential carriers for solidification of SES, with sufficiently high SES to PPB ratios required to obtain solid form. Bead size and pore architecture of PPB were found to affect the loading efficiency and *in vitro* drug release from SES-loaded PPB \[[@B64]\]. In another study, floating alginate beads containing SEDDS of tetrahydrocurcumin were developed to increase drug solubility and prolong gastric residence time. Use of different proportions of sodium alginate, calcium chloride, and water soluble pore former (polyvinyl alcohol-polyethylene glycol copolymer) in bead formulations was found to have different effects on the floating abilities and *in vitro* drug release rate \[[@B65]\].

5.5. Self-Emulsifying Sustained-Release Microspheres {#sec5.5}
----------------------------------------------------

Solid SE sustained-release microspheres were prepared by using the quasi-emulsion-solvent-diffusion method of the spherical crystallization technique. Zedoary turmeric oil (ZTO) exhibited potent pharmacological actions. With ZTO as the oil phase, ZTO release behaviour was controlled by the ratio of hydroxypropyl methylcellulose acetate succinate to Aerosil 200 in the formulation. The plasma concentration-time profiles achieved after oral administration of such microspheres to rabbits showed bioavailability of 135.6% with respect to the conventional liquid SEDDS \[[@B66]\].

5.6. Self-Emulsifying Nanoparticles {#sec5.6}
-----------------------------------

Nanoparticle techniques are useful in the production of SE nanoparticles. Solvent injection is one of these techniques. In this method, the lipid, surfactant, and drugs are melted together and injected dropwise into a stirred nonsolvent. The resulting SE nanoparticles are filtered out and dried. This approach yielded nanoparticles (about 100 nm) with a high drug loading efficiency of 74% \[[@B67]\].

A second technique is that of sonication emulsion-diffusion-evaporation. The mixture of polylactide-co-glycolide (PLGA) and O-carboxymethyl-chitosan (O-CMC) had a SE effect, with no need to add another surfactant stabilizer. Eventually the 5-FU and plasmid encapsulation efficiencies were found to have 94.5% and 95.7%, respectively, and the 5-FU release activity from the nanoparticles was found to have sustained for three weeks \[[@B68]\].

Trickler et al. developed a novel nanoparticle drug delivery system consisting of chitosan and glyceryl monooleate for the delivery of Paclitaxel. These chitosan/GMO nanoparticles, with bioadhesive properties and increased cellular association, were prepared by multiple emulsion (o/w/o) solvent evaporation methods. The SE property enhanced the solubility of Paclitaxel and provided a foundation for chitosan aggregation, meanwhile causing near 100% loading and entrapment efficiencies of Paclitaxel. These advantages allow the use of lower doses of Paclitaxel to achieve an efficacious therapeutic window, thus minimizing the adverse side effects associated with chemotherapeutics like Paclitaxel \[[@B69]\].

5.7. Self-Emulsifying Phospholipid Suspension (SEPS) {#sec5.7}
----------------------------------------------------

Self-emulsifying phospholipid suspension (SEPS) consisting of high amount of phospholipids has the ability to keep the drug in solubilized form *in vivo*, which is essential for bioavailability enhancement. Phospholipids are endogenous lipid with efficient *in vivo* emulsification capability. These require relatively low amount of surfactant/cosurfactant and thus posing less health problems \[[@B70]\].

5.8. Self-Emulsifying Suppositories {#sec5.8}
-----------------------------------

Some investigators proved that S-SEDDS could increase not only GI adsorption but also rectal/vaginal adsorption \[[@B71]\]. The drugs, which do not easily achieve therapeutic plasma concentrations by oral route, may obtain satisfactory therapeutic levels for chronic hepatic diseases by either vaginal or rectal SE suppositories. There are a few such patented products too.

Self-microemulsifying suppositories of *β*-artemether have been formulated and evaluated with the objective of faster onset of action and prolonged effect when administered by rectal route \[[@B72]\].

5.9. Self-Emulsifying Implants {#sec5.9}
------------------------------

Research into SE implants has greatly enhanced the utility and application of S-SEDDS. As an example, 1,3-bis(2-chloroethyl)-1-nitrosourea (carmustine) is a chemotherapeutic agent used to treat malignant brain tumors. However, its effectiveness was affected by its short half-life. In order to enhance its stability compared with that released from poly(d,l-lactide-co-glycolide) (PLGA) wafer implants, SES was formulated with tributyrin, Cremophor RH 40 (polyoxyl 40 hydrogenated castor oil), and Labrafil 1944 (polyglycolyzed glyceride). Then the self-emulsified carmustine was fabricated into wafers with flat and smooth surface by compression molding. Ultimately, SES increased *in vitro* half-life of carmustine up to 130 min. *In vitro* release of carmustine from SE PLGA wafers was prolonged up to 7 days. Such wafers had higher *in vitro* antitumor activity and were less susceptible to hydrolysis than those wafers devoid of SES \[[@B73]\].

6. Physicochemical Characterization Parameters for Self-Emulsifying Formulations {#sec6}
================================================================================

6.1. % Transmittance {#sec6.1}
--------------------

The primary means of self-emulsification assessment is visual evaluation \[[@B87]\]. To avoid any subjective variations, the % transparency of the resulting micro/nanoemulsion obtained on dilution/reconstitution of the self-emulsifying formulations is measured using UV-visible spectrophotometer \[[@B22]\].

6.2. Globule Size and PDI {#sec6.2}
-------------------------

The globule size of the emulsion is a crucial factor in self-emulsification performance because it determines the rate and extent of drug release as well as absorption \[[@B33], [@B88], [@B89]\]. It has been reported that the particle size distribution is one of the most important characteristics of the *in vivo* fate of drug emulsion \[[@B80]\]. The globule size of the reconstituted formulations is most commonly measured using Malvern Zeta Sizer based on the principle of dynamic light scattering (DLS).

6.3. Robustness to Dilution {#sec6.3}
---------------------------

Robustness to dilution is important for SEDDS/SNEDDS to ensure that the emulsion/nanoemulsion formed have similar properties at different dilutions to achieve uniform drug release profile and to ensure that the drug will not get precipitated at higher dilutions *in vivo* which may significantly retard the absorption of the drug from the formulation \[[@B28], [@B90]\]. The SEDDSs should be evaluated by diluting them at different dilutions and investigating their effect on the properties of the formed emulsion/nanoemulsion \[[@B22]\].

6.4. Zeta Potential {#sec6.4}
-------------------

This is used to identify the charge of the droplets. The charge of the oil droplets of SEDDS is a property that should be assessed \[[@B25]\]. Generally, the increase in electrostatic repulsive forces between the nanoemulsion droplets prevents the coalescence of nanoemulsion droplets. On the contrary, a decrease of electrostatic repulsive forces causes phase separation. The zeta potential of the reconstituted SEDDS is commonly measured using Malvern Zeta Sizer Nano based on the electrophoresis and electrical conductivity of the formed nanoemulsion.

6.5. Effect of pH {#sec6.5}
-----------------

The pH of the aqueous phase has considerable influence on the phase behaviour of the spontaneously emulsifying systems \[[@B24], [@B71]\]. In view of this, the effect of the pH of the aqueous phase on the resultant nanoemulsion should also be investigated.

6.6. Effect of Temperature {#sec6.6}
--------------------------

Self-emulsification has been shown to be specific to the temperature at which self-emulsification occurs \[[@B24], [@B31]\]. Hence, the effect of temperature on the globule size can also be investigated \[[@B22]\].

6.7. Viscosity {#sec6.7}
--------------

The viscosity of the liquid SEDDS is useful to assess its ability to be filled in the hard or soft gelatin capsules. If the system has very low viscosity, it may enhance the probability of leakage from the capsule and the system with too high viscosity may create problem in pourability \[[@B91]\].

6.8. Centrifugation Test {#sec6.8}
------------------------

This test can be used to determine the stability of the SEDDS after emulsion formation. For this, the samples diluted with distilled water are centrifuged at specified rpm for specified time and then examined for the phase separation \[[@B92], [@B93]\].

6.9. Dye Solubilization Test {#sec6.9}
----------------------------

The characterization of self-emulsifying drug delivery system can be made utilizing dye solubilization \[[@B28]\]. This test is used to identify the nature of the formed nanoemulsion and its continuous phase. For this, the water-soluble dye is sprinkled onto the surface of the prepared nanoemulsion. By observing the dispersion of dye or the clump formation, the nature of the internal, external phase of the emulsion can be determined.

6.10. Cloud Point Measurement {#sec6.10}
-----------------------------

The cloud point is a necessary factor in SEDDS consisting of nonionic surfactants. When the temperature is higher than the cloud point, an irreversible phase separation will occur and the cloudiness of the preparation would have a bad effect on drug absorption, because of the dehydration of its ingredients. Hence, the cloud point for SNEDDS should be above 37°C, which will avoid phase separation occurring in the gastrointestinal tract \[[@B22], [@B94], [@B95]\].

6.11. Transmission Electron Microscopy {#sec6.11}
--------------------------------------

The morphology of the nanoemulsion obtained from SEDDS is investigated using transmission electron microscopy.

7. Conclusions {#sec7}
==============

Advancement of the technologies and design and development of new chemical moieties having targeting potential is leading to emergence of new drug molecules having therapeutic effect but unfavourable physicochemical properties for their drug absorption in the body. This is becoming the greatest challenge to the formulation scientists to efficiently deliver such drug molecules mostly exhibiting poor aqueous solubility.

Lipidic formulations are promising approach for various categories of drug molecules having challenging drug properties. Among the various lipid formulations, the self-emulsifying delivery systems offer additional advantages of higher stability, suitability for hydrolytically susceptible drugs, high drug loading capacity, potential for oral drug delivery (solid-SEDDS), ease of manufacture and scale-up, and so forth, if suitably formulated with proper selection of excipients.

SEDDSs are mostly investigated for the BCS class II drugs having low aqueous solubility for their bioavailability enhancement and have shown promising success. They have the potential to solve the problems associated with drugs of all other classes of BCS also as summarized in [Table 4](#tab4){ref-type="table"}. Some studies have already been performed with positive results. More investigations are needed to get better insight in the field.

The challenges associated with the formulation of self-emulsifying system include the selection of right excipients with consideration of their solvent capacity, miscibility, chemical stability, capsule compatibility, self-dispersibility, regulatory issues, and so forth. The major excipients required for their formulation are the oil, surfactant, and the cosurfactant for liquid self-emulsifying systems. The criteria for the selection of the combination of excipients for SEDDS formulations should include their solubilising capacity for the required dose of drug, ability to self-emulsify the system when in contact with the gastric fluid (by use of phase diagram), their regulatory approval state for oral use with consideration of their permitted concentration, and so forth. The material used for transforming liquid SEDDS to solid forms should be inert, compatible and should not affect the emulsifying properties and the release profile of the drug.

The various techniques employed for the solidification may also affect the product quality. Various authors have reported insignificant effect on the emulsification properties of solid-SEDDS prepared by spray drying, free drying (lyophilisation), or the adsorption and extrusion technique with respect to the corresponding liquid SEDDS \[[@B56], [@B41], [@B42], [@B48]\]. Spray drying may be preferred because of their capability to produce smooth surfaced, well separated spherical particles at a rapid rate. But it may not be suitable for thermolabile drugs where lyophilization technique may be beneficial.

Another challenge associated with the SEDDS is that their *in vivo* assessment is difficult in small animals owing to the small volume of gastric fluid in comparison to the humans which may not be sufficient for proper self-emulsification. One can foresee a good scope for the growth of the self-emulsifying drug delivery systems in near future, provided some means are developed for the estimation of their *in vivo* performance. There is a need for the agents which have even better self-emulsifying properties at lower concentrations to minimize any possibility of undesired effects like gastric irritation which may be associated with this system of drug delivery due to comparatively higher amount of surfactant and co-surfactant used in their formulation. A lot of investigations have been done in the field, yet there is a need for the more predictive *in vitro* models for predicting the changes involving the drug in SEDDS in the gut, so that the fate of the drug *in vivo* can be more reliably monitored. Future research may involve human bioavailability studies as well.
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![Schematic diagram of intestinal drug transport from lipid-based formulations via the portal and the mesenteric lymphatic routes. (A) Increased membrane fluidity facilitating transcellular absorption. (B) Opening of tight junctions to allow paracellular transport. (C) Inhibition of P-gp and/or CYP450 to increase intracellular concentration and residence time. (D) Stimulation of lipoprotein/chylomicron production. ABL: aqueous boundary layer; D: drug; D−: ionized drug substance; FA: fatty acid; LCFA: long chain fatty acid; ME: microemulsion; MG: monoglyceride; SEDDS: self-emulsifying drug delivery system; TG, triglyceride; TJ, tight junction.](ISRN.PHARMACEUTICS2013-848043.001){#fig1}

![Schematic presentation of the mechanism happening during addition of water in SEDDS. (a) Water droplets in continuous oil phase; (b) water cylinders in oil; (c) lamellar structures; (d) oil droplets in continuous phase.](ISRN.PHARMACEUTICS2013-848043.002){#fig2}

###### 

Strategies for the formulation of poorly absorbed drugs.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Technology                                                                                           Potential advantage                                                                                                                                                                     Potential disadvantage                                                                                                                            References
  ---------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------
  Conventional micronization                                                                           Known technology,\                                                                                                                                                                      Poor control of the size distribution of the particles, insufficient improvement in dissolution rate                                              \[[@B74]\]
                                                                                                       freedom to operate,\                                                                                                                                                                                                                                                                                                                      
                                                                                                       solid dosage form possible                                                                                                                                                                                                                                                                                                                

                                                                                                                                                                                                                                                                                                                                                                                                                                                 

  Nanocrystals obtained by ball-milling                                                                Established products in the market,\                                                                                                                                                    Available only under license, secondary process required to avoid aggregation of nanocrystals                                                     \[[@B7], [@B8]\]
                                                                                                       experienced technology,\                                                                                                                                                                                                                                                                                                                  
                                                                                                       solid dosage form possible                                                                                                                                                                                                                                                                                                                

                                                                                                                                                                                                                                                                                                                                                                                                                                                 

  Nanocrystals obtained by dense gas technology                                                        Alternative nanocrystal processing method, still room to develop new IP                                                                                                                 Unproven technology,\                                                                                                                             \[[@B8]\]
                                                                                                                                                                                                                                                                                               secondary process required to avoid aggregation of nanocrystals                                                                                   

                                                                                                                                                                                                                                                                                                                                                                                                                                                 

  ''Solid solutions"---drug immobilized in polymer                                                     Freedom to operate,\                                                                                                                                                                    Physical stability of product questionable, possibility of crystallization of drug or polymer                                                     \[[@B75]\]
                                                                                                       new extrusion technology offers solvent-free continuous process,\                                                                                                                                                                                                                                                                         
                                                                                                       fast and continuous process,\                                                                                                                                                                                                                                                                                                             
                                                                                                       low cost                                                                                                                                                                                                                                                                                                                                  

                                                                                                                                                                                                                                                                                                                                                                                                                                                 

  Self-dispersing ''solid solutions" with surfactants                                                  Steric hindrance to aggregation built into product, amenable to extrusion                                                                                                               Physical stability of product\                                                                                                                    \[[@B10], [@B75], [@B59]\]
                                                                                                                                                                                                                                                                                               questionable, drug may crystallize                                                                                                                

                                                                                                                                                                                                                                                                                                                                                                                                                                                 

  Nanoparticles and solid lipid nanoparticles                                                          Controlled-release of drug,\                                                                                                                                                            Low drug loading,\                                                                                                                                \[[@B76]\]
                                                                                                       reduced variability                                                                                                                                                                     drug expulsion after polymorphic transition,\                                                                                                     
                                                                                                                                                                                                                                                                                               high water content                                                                                                                                

                                                                                                                                                                                                                                                                                                                                                                                                                                                 

  Lipid solutions (LFCS Type I lipid systems)                                                          GRAS status, simple,\                                                                                                                                                                   Poor solvent capacity, limited to highly lipophilic or very potentdrugs,\                                                                         \[[@B6], [@B19]\]
                                                                                                       safe, and effective for lipophilic actives; drug is presented in solution avoiding the dissolution step, excellent capsule compatibility                                                requires encapsulation                                                                                                                            

                                                                                                                                                                                                                                                                                                                                                                                                                                                 

  Self-emulsifying drug delivery systems (SEDDS) and SMEDDS (LCFS Type II or Type III lipid systems)   Prior art available,\                                                                                                                                                                   Surfactant may be poorly tolerated in chronic use,\                                                                                               \[[@B6]\]
                                                                                                       dispersion leads to rapid absorption and reduced variability,\                                                                                                                          soft gel or hard gel capsule can be used but seal must be effective, possible loss of solvent capacity on dispersion (Type III)                   
                                                                                                       absorption not dependent on digestion                                                                                                                                                                                                                                                                                                     

                                                                                                                                                                                                                                                                                                                                                                                                                                                 

  Solid or semisolid SEDDS                                                                             Could be prepared as a free flowing powder, filled in capsules or compressed into tablet form, reduced problem of capsule leakage                                                       Surfactant may be poorly tolerated in chronic use,\                                                                                               \[[@B75], [@B43]\]
                                                                                                                                                                                                                                                                                               physical stability of product\                                                                                                                    
                                                                                                                                                                                                                                                                                               questionable, drug or polymer may crystallize                                                                                                     

                                                                                                                                                                                                                                                                                                                                                                                                                                                 

  Surfactant-cosolvent systems (LFCS Type IV ''lipid" systems)\                                        Relatively high solvent capacity for many drugs (due to surfactant), disperses to micellar solution, reduced variability and irritancy (due to dispersion of surfactant by cosolvent)   Surfactant may be poorly tolerated in chronic use, loss of solvent capacity on dispersion, significant threat of drug precipitation on dilution   \[[@B6], [@B77]\]
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

###### 

Lipid formulation classification system.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Parameters                                       Increasing hydrophilic content →                                                                                                                                                                                                                        
  ------------------------------------------------ ---------------------------------------------------------- ------------------------------------------------- ----------------------------------------------------------------------- ------------------------------------------------------------------ ---------------------------------------------------------------------
  Example/reference                                \[[@B78]\]                                                 \[[@B39]\]                                        \[[@B19]\]                                                              \[[@B79]\]                                                         \[[@B77]\]

                                                                                                                                                                                                                                                                                                           

  Triglycerides or mixed glycerides (%w/w)         100                                                        40--80                                            40--80                                                                  \<20                                                               ---

                                                                                                                                                                                                                                                                                                           

  Water-insoluble surfactants (%w/w) (HLB \< 12)   ---                                                        20--60                                            ---                                                                     ---                                                                0--20

                                                                                                                                                                                                                                                                                                           

  Water-soluble surfactants (%w/w) (HLB \> 11)     ---                                                        ---                                               20--40                                                                  20--50                                                             30--80

                                                                                                                                                                                                                                                                                                           

  Hydrophilic\                                     ---                                                        ---                                               0--40                                                                   20--50                                                             0--50
  cosolvents (%w/w)                                                                                                                                                                                                                                                                                        

                                                                                                                                                                                                                                                                                                           

  Particle size of dispersion (nm)                 Coarse                                                     250--2000                                         100--250                                                                50--100                                                            \<50

                                                                                                                                                                                                                                                                                                           

  Characteristics                                  Nondispersing                                              SEDDS without water-soluble components            SEDDS/SMEDDS with water-soluble components                              SMEDDS with water-soluble components and low oil content.          Oil-free formulations

                                                                                                                                                                                                                                                                                                           

  Significance of aqueous\                         Limited importance                                         Solvent capacity unaffected                       Some loss of solvent capacity                                           Significant phase changes and potential loss of solvent capacity   ---
  dilution                                                                                                                                                                                                                                                                                                 

                                                                                                                                                                                                                                                                                                           

  Significance of digestibility                    Crucial requirement                                        Not crucial but likely to occur                   Not crucial but may be inhibited.                                       Not required and not likely to occur                               Not likely to occur

                                                                                                                                                                                                                                                                                                           

  Advantages                                       GRAS status; simple; excellent capsule compatibility       Unlikely to lose solvent capacity on dispersion   Clear or almost clear dispersion. Absorption without digestion          Clear dispersion. Absorption without digestion                     Good solvent capacity for many drugs; disperse to micellar solution

                                                                                                                                                                                                                                                                                                           

  Disadvantages                                    Poor solvent capacity (unless drug is highly lipophilic)   Turbid o/w dispersion                             Possible loss of solvent capacity on dispersion. Less easily digested   Likely loss of solvent capacity on dispersion                      Loss of solvent capacity on dispersion; may not be digestible
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

###### 

Examples of lipids, surfactants, and cosurfactant used in commercial formulations.

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Excipient name (commercial name)                                                       Examples of commercial products in which it has been used                                                       References
  -------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------- ------------------------------------
  Lipid ingredients                                                                                                                                                                                      

  Corn oil, mono-, di-, triglycerides,\                                                  Neorol oral solution,\                                                                                          \[[@B2]\]
  DL-alpha-Tocopherol                                                                    Fortavase soft gelatin capsule                                                                                  

  Mixture of mono- and diglycerides of caprylic/capric acid (Akoline)                    Avodart soft gelatin capsule                                                                                    \[[@B56]\]

  Triglyceride of the fractionated plant fatty acids C8 und C10 (Miglyol)                Rocaltrol soft gelatin capsule,\                                                                                \[[@B56]\]
                                                                                         Hectrol soft gelatin capsule                                                                                    

  Capryol 90 (propylene glycol monocaprylate)                                                                                                                                                            \[[@B79], [@B51], [@B41]\]

  Captex 355 (glycerol caprylate caprate)                                                                                                                                                                \[[@B51]\]

  Capmul MCM L8 (glyceryl mono-dicaprylate1,2,3- propanetriol decanoic acid monoester)                                                                                                                   \[[@B22], [@B51]\]

  Oleic acid/ethyl oleate                                                                Ritonavir soft gelatin capsule,\                                                                                \[[@B80]\]
                                                                                         Norvir soft gelatin capsule                                                                                     

                                                                                                                                                                                                         

  Surfactants/cosurfactants                                                                                                                                                                              

  Polysorbate 20 (Tween 20)                                                              Targretin soft gelatin capsule                                                                                  \[[@B81]\]

  Polysorbate 80 (Tween 80)                                                              Gengraf hard gelatin capsule                                                                                    \[[@B56], [@B51]\]

  Sorbitan monooleate (Span 80)                                                          Gengraf hard gelatin capsule                                                                                    \[[@B82]\]

  Polyoxy-35-castor oil (Cremophor EL)                                                   Gengraf hard gelatin capsule,\                                                                                  \[[@B83]\]
                                                                                         Ritonavir soft gelatin capsule                                                                                  

  Polyoxy-40-hydrogenated castor oil (Cremophor RH40)                                    Nerol soft gelatin capsule,\                                                                                    \[[@B80], [@B84]\]
                                                                                         Ritonavir oral solution                                                                                         

  Nikkol HCO-50 (PEG 40 hydrogenated castor oil)                                                                                                                                                         \[[@B83]\]

  Polyoxyethylated glycerides (Labrafil M 2125 Cs)                                       Sandimmune soft gelatin capsules                                                                                \[[@B41]\]

  Polyoxyethylated oleic glycerides (Labrafil M 1944 Cs)                                 Sandimmune oral solution\                                                                                       \[[@B51], [@B41], [@B63], [@B85]\]

  Labrasol                                                                                                                                                                                               \[[@B41], [@B80]\]

                                                                                                                                                                                                         

  Cosurfactants                                                                                                                                                                                          

  Ethanol/glycerine/polypropylene glycol                                                 Nerol, Sandimmune, Lamprene soft gelatin capsule, Nerol oral solution, Gengraf hard gelatin capsule,             

  Polyethylene glycol                                                                    Targretin soft gelatin capsule, Gengraf hard gelatin capsule, Agenerase soft capsule, Agenerase oral solution   \[[@B22], [@B56], [@B51]\]

  Transcutol                                                                                                                                                                                             \[[@B83]\]

                                                                                                                                                                                                         

  Inert adsorbents                                                                                                                                                                                       

  Aerosil 200                                                                                                                                                                                            \[[@B41]\]

  Microcrystalline cellulose                                                                                                                                                                             \[[@B56]\]

  Neusilin                                                                                                                                                                                               \[[@B86]\]

  Dextran                                                                                                                                                                                                \[[@B85], [@B42]\]
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

###### 

SEDDSs and their potential to solve various problems associated with the drug molecule.

  BCS class       Problems proposed to be solved by SEDDS
  --------------- -----------------------------------------------------------------------------------------------
  BCS class I     Enzymatic degradation, acidic degradation, gastric irritation, gut wall efflux
  BCS class II    Solubilization, pH dependent solubilization, low bioavailability
  BCS class III   Enzymatic degradation, gut wall efflux, low permeability, low bioavailability
  BCS class IV    Solubilization, enzymatic degradation, gut wall efflux, low permeability, low bioavailability
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